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CHAPTER 1. GENERAL INTRODUCTION
The characterizarion and applications of self-assembled monolayers (SAMs), especially alkanethiol SAMs on metal surfaces, are increasingly yielding useful information in the field of surface chemistry. Despite previous investigations of the structure of alkanethiol SAMs, there are several issues which need to be resolved. Understanding these issues is very important in order to ftilly characterize these monolayers and determine their proper structures. This information is also critical to the application of these alkanethiol SAMs in the fields of surface chemistry. One critical area in which these monolayers can be applied is as a pathway for electron-transfer between electrodes and redox proteins.
The research objectives of this dissertation can be divided into two main sections. The 
Dissertatioa Organizatioa
Chapter L is a general background of the two most important areas and techniques related to this dissertation research. The first section examines surface-enhanced Raman scattering {SERS), which is used extensively in this dissertatioiL A brief review of SERS theory and analytical applications of SERS described. The second section examines the technique of electroreflectance (ER) spectroscopy. A review of ER spectroscopy and its applications to electron-transfer rate measurements are provided.
Chapter 2 is a characterization of various alkanethioi SAMs on gold electrodes and colloids and silver electrodes. A series of previously unknown Raman bands are observed within a broad excitation range under a variety of conditions. This research centers on efforts to determine the source of the new bands using SERS and a variety of other techniques. This chapter is a paper to be submitted to Journal of the American Chemical Society. Chapter 3 is an extension of the research involving the SAMs of alkanethiols on metal surfaces. The efforts in this chapter focus on a possible source of the previously unknown Raman bands due to image states on the metal surface. This work has been submitted to the Joiimal of Physical
Chemistry.
Chapter 4 is a paper submitted to Biochemistry. This work involves the application of alkanethioi monolayers as spacer molecules (membrane models) between gold electrodes and immobilized cytochrome c. The effects of electrolyte solution pH and ionic strength on electron-transfer reactions are determined using potential modulated ER spectroscopy.
Chapter 5 is a paper submitted to Journal of Biological Inorgatiic Chemistry. Alkanethioi monolayers are again employed as spacer molecules (membrane models) between gold electrodes and immobilized cytochrome c. Electrolyte solution viscosity is varied and the effects on electron-transfer reactions are determined utilizing potential modulated ER spectroscopy. SERS is applied to confirm the native state of the immobilized cyt. c as the viscosity is changed. Chapter 6 is a brief section on general conclusions of research achievements and possible directions for fixture work.
Surface-Enhanced Raman Spectroscopy
A strong increase in Raman scattering intensity has been observed for molecules and ions that are close to or adsorbed on certain metalUc surfaces. This phenomenon, known as surface-enhanced Raman scattering (SERS), can lead to intensity enhancement factors of 10^
to 10^ relative to the Raman scattering in the absence of the metal surface.'*"' SERS is employed as an important tool in the present dissertation work to characterize alkanethiol monolayers on gold and silver surfaces.
The SERS effect was discovered by electrochemists in the early 1970s in efforts to study adsorption processes at metal electrodes in aqueous solutions/"*^ As study of the pyridine-Ag system continued, researchers noted the large enhancement in Raman scattering at the electrode surface. Since the early 1980s, many efforts have been made to understand the SERS enhancement mechanisms. Other studies have applied the SERS effect as a spectroscopic tool in areas such as chemistry, biochemistry and material science."^"*'^
Theoretical Considerations
The classical treatment of light scattering examines particles which are much smaller (typically < A[/15) than the wavelength of the incident radiation.'' In such cases, a particle can be polarized by the electric field E of the incident radiation^ inducing a dipole moment jx in the particle. The induced dipole moment is expressed by
where a is the polarizability of the particle. The polarizabilitj', a tensor quantity, can be thought of as a deformation of the particle's electron cloud by the incident electric field E. In cases where the particle is a molecule whose atoms caa vibrate at a frequency Ok, a time dependence t is introduced into the polarizabiiity OL which can be shown as a = a" -t-cos(a)kt)
where cc" is the polarizabiiity of the molecule at its equilibrium geometry." A time dependence is also present in E which varies with the frequency of the light cdl.
Equations (2) and (3) are substituted into equation (1), followed by expansion of the equation to include the time-dependent terms. Simplification of the equation yields the expression
The first term on the right side of equation (4) The EM enhancement mechanisms propose a large increase in the electromagnetic field E exerted on the molecules on or near the metal surface. The EM field exerted on these molecules is modified in several ways. First, the incident EM field is enhanced through the polarization of the metal surface that allows the metal to act as a mirror, allowing the adsorbed molecules to be exposed to larger EM fields." Second, the incident EM field polarizes adsorbed molecules. The total SERS enhancement is likely to be a product of both enhancement mechanisms.
Analytical Applications of SERS
The application of SERS to analytical problems has been demonstrated as an effective Thus it appears that SERS is a practical techm'que for routine analysis. SERS provides the high sensitivity, molecular specificity and low detection limits necessary for analytical applications.
Electrorefiectance Spectroscopy
Electrorefleaance spectroscopy is one of the surface sensitive techniques that combine the areas of spectroscopy and electrochemistry, hi essence, electrorefiectance spectroscopy determines the change in reflectivity R of a solid/electrolyte interface resulting from a change in electrode potential E (5R/5E).^ This change in reflectivity may or may not be accompanied by a faradaic reaction. The benefits ER spectroscopy has to offer for electrode surface study include the determination of information on a molecular level, the nondestructive nature of the experiments and its application in situ^ The relatively simple ER instrumental setup and the use of any light-reflective electrode material contribute to its usefulness. Unless a highly colored electrolyte solution is used, it is generally not necessary to use thin-layer cells, as is necessary for IR reflection measurements. Another advantage of the ER technique is the ability to measure faradaic processes at the electrode as an optical response. The double layer charging effects on the ET reaction measurement are eliminated when ER is utilized, as compared to other electrochemical techniques.
Theoretical Considerations
In this treatment of ER theory for electron-transfer (ET) rate determination, it is considered that UV-Vis reflectance measurements are conducted at an electrode/solution interface where the electrode is covered with a thin film (or monolayer) of an electroactive species.^ The solution in which the electrode is immersed is free of electroactive species. It is also noted that if the electroactive species has a strong absorption band which can be altered by a change in electrode potential, then a spectral change of the film can be obtained by the application of an ac signal to the electrode^' The UV-Vis reflectance spectra can be determined by several modulation techniques, however electrode potential modulation is surface sensitive and relatively easy to employ. The chemical reaction of the adsorbed species can be reduction/oxidation (redox) or adsorption/desorption.
The equivalent circuit of the molecular reaction on the electrode surface is shown in Figure I where R, is the solution resistance, Cd the double-layer capacitance, R^ the charge transfer resistance and the capacitance induced fay the adsorbed redox species. Et is the total ac voltage across the equivalent circuit while E? is the ac voltage due to the feradaic 
where Edc is a dc potential, Eac an ac potential, AEjc the ac amplitude, co the frequency of ac modulation and t is time. If Edc is set to the E°' of a redox reaction and AEac is much smaller than RT/naF, then fay linear approximation Elct and Ci can be expressed for the equivalent circuit fay the following equations.^"
Ca, = nn^Yt/4R.T
In equations (6) and (7) R is the gas constant, T the absolute temperature, n the number of electrons involved in the redox reaction, n» the apparent number of electrons^®, F the Faradayconstant and ft the total surface concentration of the redox species. Substitution of equation (7) into equation (6) and solving for the electron-transfer reaction rate constant yields
Equation (8) is applicable only to the equivalent ciratiL ER does not directly determine Ret and Ca, but the change in reflectance. The reflectomittance Ya of the equivalent circuit can be thought of as the change in reflectivity as the electrode potential is modulated.^® With lock-in amplifier detection, the ac reflectance and potential signals are determined over the entire circuit and can be written as
Application of circuit theory to equation (9) in terms of R^t, R*, Ci, and Cd and solving for Ya yields the real and imaginary parts of Ya, which are the values actually determined by lock-in detection.
Re ( Ya) = -KC,( l-<a'R^CaCd) / ^ (10)
where AT is a difference absorption coefBcient between the reduced and oxidized forms and
The relation cot <j) = Re (Ya) / Im (Ya) in addition to equations (10) and (11) produce
where (j) is the phase angle between Rx and Ex. The solution resistance. R^ and double layer charging, Cd, in equation (13) are measurable quantities of the ER celL A. plot of © cot (j> vs.
(0" is used to determine slope and y-intercept data from different applied ac frequencies. The y-intercept is equal to I / (RctCa + R,C, -i-R,Cd) while the slope is equal to (R,R<;tCjQ) / (RctC, +• R,Ca -i-R,Cd). Determination of the y-intercept, followed by the application of R, and Cd to the slope term enable the values of R<t and C» to be calculated. The apparent ET reaction rate constant can then be determined from R«t and C,.
Previous Studies
ER spectroscopy has been applied to the investigation of electrode reactions for several organic species. Sagara and coworkers employed ER spectroscopy to determine monolayer characteristics and ET rates of methylene blue adsorbed on pyrolytic graphite electrodes/**"'"^ These papers described ER theory and established some acqm'sition parameters as applied to monolayer study. Various orientation effects were also noted while using polarized light. The investigation of physical and chemical changes in monolayers of heptylviolgen on Ag elearodes was performed by Wang and coworkers."^ These workers found that different aggregation states of cation radicals were formed on the Ag surfaces over time which led to different ET rates. Work by Feng and coworkers centered on determining ET rates of cyt. c through alkanethiol monolayers."®""* These studies investigated the ET rate dependence on alkanethiol chain length and noted the effects of varying instrumental parameters and experimental conditions. ER spectroscopy has also been employed to investigate ET through mixed monolayers of alkanethiols."' It appears that ER spectroscopy is an eccellent method to determine ET rates on electrode surfaces. Its ease of use, nondestructive nature and general applicability to surface studies contribute to its increasing application as an analytical tool.
INTRODUCTION
The self-assembly of molecules to form monolayers, especially alkanethiols, on Au and and 1 -octadecanethiol (9S%), were purchased from Aldrich Chemical and used as received.
l-Tetradecanethiol was purchased from Pfaltz & 3auer Chemical and used as received.
11-Mercapto-1-undecanol and I2-mercapto-t-dodecanol were prepared in our laboratory by a modification of literature procedures.^" The starting compounds, 11-bromo-lundecanol (98%) and 12-bromo-l-dodecanol (99%), were purchased from Aidrich Chemical and used as received. Thiourea (99+%) was purchased from Sigma Chemical Co. and used as received. Briefly, equal molar amounts of the co-bromo-1-alcohol and thiourea were refluxed in 95% ethanol for three hours, followed by the addition of aqueous base and refluxed for an additional two hours. The solutions were cooled, neutralized with dilute H2SO4 and the comercaptoalcohols were extracted from the aqueous solutions. The synthesized mercaptoalcohols were washed with HPLC grade methanol and 18 MO cm water to remove impurities and vacuum dried. GC/MS analysis demonstrated the desired mercaptoalcohols were synthesized with an estimated 98% purity.
The synthesis of didecyl diselenide was a modification of the alkanethiol procedure.
The starting compounds, l-bromodecane and selenourea were purchased from Aldrich Chemical and used as received. Equal molar amounts of l-bromodecane and selenourea were refluxed in 95% ethanol for approximately four (4) hours under a nitrogen atmosphere.
Aqueous base was added and. the solution, refluxed. for approximately three (3) GC/MS analysis demonstrated the desired diseienide was synthesized with an estimated 98% purity.
Solutions prepared for self-assembly typically contained total aikanethiol or dialkanediselenide concentrations of approximately 1 to 5 mM in methanol or ethanol. Both
Ag and Au electrodes were exposed to the deposition solutions overnight (minimum of 10 hours) at room temperature unless otherwise noted. The electrodes were rinsed with fresh methanol or ethanol upon removal from the solutions.
The water used in. these experiments was distilled and then deionized using a Millipore Colloid Preparation. Au colloid was prepared in 500 mL batches using a literature method.'^ Ag colloid was prepared using a citrate reduction proceedure." Sample Purity Determination. The purity of the synthesized mercaptoalcohols was ascertained using a Hewlett-Packard (HP) GC/MS system. Separations were accomplished on a 5890 Series n Plus GC using a HP-5MS GC column (30 m length, 0.25 mm ID, 0.25 |im film thickness) and He as carrier gas. A 5972 Series MSD was used to generate mass spectra.
Raman Eastrumentation and Experimental
Data analysis was carried out on a HP Vectra 486/66XM computer using G1034B HP Chemstation software.
The 'H NMR data were collected using a Bruker V22520 NMR spectrometer operated at 300 MHz with a Varian VXR-300 controller for data collection. Experiments were conducted in either CDCIj or CD5OD solvents, used as received from Aldrich Chemical.
No tetramethylsilane (TMS) was used for NMR calibration. The center band of a quintet located at 3.30 ppm was used for spectra calibration for samples in CD3OD while a singlet band at 7.25 ppm was used to calibrate spectra for samples in CDCI3. The number of sample scans was varied according to individual sample concentrations. The NMR data were analyzed using Varian NMR software. Surface Impurity Experiments. It was considered that a possible and highly undesirable source of the new bands may be impurities ia the monolayer preparation solutions.
Electrochemical Conditions. Cyclic voltammetry (CV
A common impurity found in alkanethiols is the dialkane disulfide (RSSR), the result of thiol oxidation. Dioctadecyl disulfide was prepared according to literature methods, purified, and exposed to roughened Au electrodes.^ Figure 2a shows Monolayers of 1-nonanethioI, 1-octanethiol and l-butanethiol were then formed on roughened Au electrodes and the SERS spectra of these me n the newly observed SERS bands, but at lower nte and I-fautanetWol on Au do not yield anv ofrhe -i spectra of 1-nonanethioi. 1-octanethiol and -rata experiments indicate that a chain length minimum to observe the new SERS bands of the 1 -aikanein previous reports of 1-alkanethiol monolaver rcr-n packing occurs when the carbon chain ienytn ;i ic chains of less than nine carbon atoms form S is highly crystalline^ while chains of nine or more .ar crystalline monolayers which are orsamzea :nic :: ft is believed that the structural differences anse :r between the long alkanethiol chams wtucn result r films.
To further investigate the roie of moncsa'.. 
